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∆F=2 box

∆F=1 
4-quark box

gluon
penguin

Z0

penguin

H0

penguin

γ
penguin

Bd→  πK, Bd→  ηK,  
ACP(Bd→  φK), ...

Bd→  Xsγ, Bd→  πK,
ACP(Bd→  φK), ...

b→  s  (~λ2) b→  d  (~λ3)   s→  d  (~λ5)

∆Md   ACP(Bs→  ψ K)    ∆Ms   ACP(Bs→  ψ φ)         ∆MK   εK        

Bd→  ππ,  Bd→  ρπ, 
ACP(Bd→  ππ), ...

Bd→  Xdγ, Bd→  ππ,
ACP(Bd→  ππ), ...

Bd→  Xsl+l-, Bd→  Xsγ
Bd→  πK, Bs→  KK, ...

Bd→  Xdl+l-, Bd→  Xdγ
Bd→  ππ, Bs→  πK, ...

ε′ /ε,  
ACP(K→  3π), ...

KL→  π0l+l-, 
ε′ /ε,  ...

KL→  π0l+l-,
ε′ /ε,  ...

KL→  π0l+l-,  KL→  π0νν
K+→  π+νν,  ε′ /ε,  ...

KL,S→  µ+µ-

Bd→  Xsl+l-, Bs→  µ+µ-

Bd→  πK, Bs→  KK, ...
Bd→  Xdl+l-, Bd→  µ+µ-

Bd→  πK, Bs→  KK, ...

Bd→  µ+µ-Bs→  µ+µ-

decreasing       SM       contrib.

decrea-
sing

SM
 

contrib.

Th. error  < 10% 

   =  exp. error < 10% =  exp. error ~ 30-50% ~

~



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � � � �� � ��   !

g O N H � �� � ��� � �� � ��

� � 	j H 
 �� � � U� � � U �� � � o U U � o o � �

� HO G K U � �� k �� U � � � k ��

i Q L W W H[ ^ � U� � � U � �� � � � � U � ��

] O M [ J [ O Q H K U o

� O I X \G L P M [ U� o o� � � o � � � U� � � � ��

� 	^ �  ! � "$# " � % o o � U �'& �  	 U� � � � �( ) �&  ( �� � � U �'& �  

*+ *

, - , ./ .

0 12 34 52

�� � � T F d6 7 7 � � � U� �8 	 o � � o �p

�� � � T 6 J NJ Q O Q � � 9 ]6 J K I L N k

` J M H [ G H KP Z Q R G L N U � �� 	 F6 : ;< = � o U U

	 o � � o � � O M [ U � �� 	b H W k H_ > � � �8 �8 � �[ O QO p



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � ) � �� � ��   !

, - , ./ . �� � � �� � � 0 � 3 � � 0 � 5 12

FG L I H K K d O Q H

^ �  ! � "$# " � � � � � U �'& �  

^ �  ! � !  o U U8 � � � � � � � � � � U �& �  

^ �  � � " � 8 � 8 � � � � � � � � � � U �& �  

^ �  � � " 	 � � � � � � � � � � � � U �& �  

^ �  !  � � " 8 o� � � � � � � � � � � U �& �  

]
 � � � � � � � � � � � U �'& �  

i I O Q Q HG H[ ! � ` HO N � o� � � � � � � � � � � U �& �  

! �  u r t |�  { t ^ � xr � |� x } 

]
 �� 	^ � �  ^  � � � 	^   ^  � � � 	^  �  ! � �& " �

�& J K � & LG �&

^ � �  ^  � G O Q HJ K H N WJ G J I O Z Z S [ H Q HG NJ M H[ p



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � � � �� � ��   !

*+ * 1� � 1 0� 1� 5 �4 1 5� � �

�r } �� xr r wr x y |�{ t �� u � �{ ~ z r �

� 	
 ��  � 
 �� 
 �� �� ��� � � � 
 � �� R

� � 
 �� 	�� � � � 
 � � �� 	
 �� 
 � � ���

� � 
 � � � 	�� � � R ! �

� � � �� � � �� � � � 
 � ��  � � �� 
 � R � 
�

 � � � 
 �"! �� 
 � � � � �� � 
 � ! �

� 
 � �� �# �� � %$ � �� 
 � � 
 �

 $ � � �� � � � � �  & � �

��  ' �� � � 
 � � � � �( � ��  � � � �� �

( � ) � � � * � ' � � >,+ 	+- � % � � )

- �� �� � � ( �  ' �� � � 
 �. � �$ �� �� /

�� �  � � �( � �� � � 
 ) >8 � R �� �� � 
 �

� �� & �� �� ( ' � �. � �$ � � � � � 
 � 
 �"0 >81



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � � � �� � ��   !

" #$ # %& ' %( )* %+ ,-. * % ,/ 01

�2 34 4 - � 5 687 ! 9 ( �� �

� + ��  ! 9 � 
 �  � 
 �1 � ( � � �� � �� �

� :� � �� � & �� � �0 
 � R � � ! 9 ��  � �

�- �� ��� � ; � 
 �� � R �  $ � � ( � �

�- �� �� � � � � 
 �� <� 
 � � 
 � � ��>=

� 
 �� � �� �� 
 �� � 
 �� � ��  ' ? � + @

� + �� BA 9 � 
 � � 
 �� � ��  '

� C( �� � �� A 9 D E 9 DF 9 � 
 � +

� 5 � �� %$ � �� 
 � G  $ � � �� � �� �  ' �

� H IJ KML � �>N OP IP P IQ IR QS N ITVU

IW IX QY

K  Beam

Barrel
Veto

T

BVL
Range

RSSC
Endcap

Stack

Collar

DPV

(a)

+

Drift Chamber
I

TargetB4BeO
UPVC

AD

Collar

Barrel

Range Stack

Drift
ChamberVeto

Target
I

T

(b)

RSSC

BVL

50 cm



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � �  � �� � ��   !

" #$ #� ,- , �� � 0 ( � � � � 1 - ,- ,- � )+ �

�� �>N OP IY QS � 	
 	�

�- � � � � � �� 
 � � ��   � � � � � +

� 	� � � �� � %$ � �� 
 �� �� $ � � � � � �  �

� ��
� 	� � � �� � �� �  ' � 
 � � 
 � � 
 � � ��

� � �� & � � �� 


� � � �$ � � � � ��  � � ( � & � �� � � � ��

� � � �� �� �� � ��� � �� � � �� � � � � �  

HS Q S ! Q" W O T " X # $ $ # �

%1 & � �' ' �( � )  �* � � �1

0 1 + � �� � � , � �� � �� � � � ( � 1

-1 . 6A � ' � * � � �  � �� � *  � � � � �� � �  1



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � � � � �� � ��   !

" #$ #� � ' � ( - 1 % 0 � ' / 0 , 0 + � % , 0

�� � � �� � � ��� �� � � � � � � � � �� � � � *��

�� )1
� � �( ��	 , �*
 � � �( � �� I � IR Q " S X �  

�  ( � * � � � � � . 9 D A 9 ��   � � � �'

� R R I ! Q O X R I  � �� � � ��� �� � � � � � �

* ( �  � � � 3� 3 �� � � �� �1

2 0 � , � � � � � �� �� * � � � � �� � �� ��

� �' � H H� �* * � �� �� * � � � 4 � ��

2 � � � � �� � * * � �� � � * � � � � �� �

� �� �  �� � �� �� * � � � � �  � 3� 3�

Total Acceptance

T
ot

al
 R

ej
ec

ti
on

 F
ac

to
r

10 5

10 6

10 7

0.3 0.4 0.5 0.6 0.7 0.8 0.9



� �� � � �� � �� 	 
�� � �� � 	� � 	� � � � �� 	� � � � � � �� � 	� � � �� � �� � �� � ��   !

�� � �� 	 
� 
 �� �� �� �� � �� � �� � 

� � � T" X P � O X O T �Y " Y �� S X �Q I� O W " X IY " � X O T N I �" S X L X Q " T O T T

� O R  �>N S L X P Y ! IN " " IP �

� � � �� � �� � � � � � �# * �� � � � � , �*
 � � �( � �  �( �* �  �

� &( � � ��   � �* � , �* 
 � � �( � �  �( �* � � �� � �� ' � �  � � � � � � � � � � � � � � � * ( �  �

� $ �* 
 � � �( � �  * �� � �� , � �� ' � � ,' )  �� ( ' �� � �	 � � �  ( �� � �� � � �� � , )

� � � � �� � � � * ( �  �� � � � �  ( �� � � �� �� * � � � � � �
 � � � �� ) ?  � �' ' @ * � � �� ' �� � � �  

� � � � � * * �( � � �

� % � �� � � � , � �  G  � � * ( �  (  � � � % � - � � �� � G� � � � � � �  ( �� , �*
 � � �( � �  

� �� � �� � � � � � � �'& � -  �� �' � �

� 5 � �� ) , � *
 � � �( � � �  � �� �� �  , ) ' � �  � � � � � * ( �  � � � * �� � � �� � �

� ,  � �� � � � � � � �� � � * � � � � �� �  �

� (  � ) * � � � � �  ( �� �� �� � � �� * �' �* * � �� �� * �  � � . 9 D A 9 ��  � 5 � �� ) , )

� � �  ( �� � �,+ ? . 9 D A 9A - @�



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
� - -�

�� � �� 	 
� 
 �� �� �� �� � �� � �� � 

� � $ ' � � ��� � � �' )  �  � � � � �� � � �� � � �  � � � �' �� � � � � ( � � �' �' ' , �*
 � � �( � �  

� � ��# � � �

� � � �� � �� � � � � � �# * �� � � � � , �*
 � � �( � �  �( �* �  �

� &( � � ��   � �* � , �* 
 � � �( � �  �( �* � � �� � �� ' � �  � � � � � � � � � � � � � � � * ( �  �

� $ �* 
 � � �( � �  * �� � �� , � �� ' � � ,' )  �� ( ' �� � �	 � � �  ( �� � �� � � �� � , )

� � � � �� � � � * ( �  �� � � � �  ( �� � � �� �� * � � � � � �
 � � � �� ) ?  � �' ' @ * � � �� ' �� � � �  

� � � � � * * �( � � �

� % � �� � � � , � �  G  � � * ( �  (  � � � % � - � � �� � G� � � � � � �  ( �� , �*
 � � �( � �  

� �� � �� � � � � � � �'& � -  �� �' � �

� 5 � �� ) , � *
 � � �( � � �  � �� �� �  , ) ' � �  � � � � � * ( �  � � � * �� � � �� � �

� ,  � �� � � � � � � �� � � * � � � � �� �  �

� (  � ) * � � � � �  ( �� �� �� � � �� * �' �* * � �� �� * �  � � . 9 D A 9 ��  � 5 � �� ) , )

� � �  ( �� � �,+ ? . 9 D A 9A - @�



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � �� � �� � 
� - -�

� �� � ��� � �� � �	 
 
 � � � �� ��

&( � � ��   � � � � � � � � �

& �( �* � . � � � � �� � *  + � �� � * ' � � �  � � � % �� � � �

.�� � ��  �� � � � � � �

.�� � �� � - � �

& * �� � � �� � , � �� � �

*� � � �

*� � � � � � � � - �� � -� � �� � � 

+ � �� � * ' � �! � � * ' ( � �  , � �� * � � �� � 
 �� � "# $ "% �� � � � � � & � � � � * � � � �

 � � � � � * ' ( � �  , �� � � � �� � � �� � * � � � ��� � � � �� � * ' � � � � � � � �



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
� - -�

�� � �� 	 
� 
 �� �� �� �� � �� � �� � 

� � $ ' � � ��� � � �' )  �  � ! � � �� � � �� � � �  � � � �' �� � � � � ( � � �' �' ' , �*
 � � �( � �  

� � ��# � � �

� � ��� � �� � � �� 	 
 �# �� 
 � � 	 � � � �� �� �� 	 � � �� � �� ��

� � � � ��� � � � � � �� � � � � �� �� 	 � � � � � �� � � 
� � 
� � � � 
 
 � � � 	 �� � � 	 � � 	 
 �� 
 ��

� $ � � � �� � � 	 � � � � 	 	 � 
 � � � � � �� �� � � �� � � � 
� �� � � � �� � � � � 
� � � 
� � �

� 	 �� � 
 � 	 � �� 
 � � 	 � � � � �� � � 	 � � � �� � 
 � � 	 
� � � 	 � � 	 � � � � � � � � � �� � � � � 
 � � 	 �

� 	 
 � � � � � � 	 
�

� % � � � � � � � �� �� �� 
 �� 
 � � � � 	 ��� �! � � � 
� � 
� � 	 � � � �� � � � � �� �� �� 	 � �

� � 
� � � � � � 	 � 	 �'& �! �� � �� � �

�  � � � � � � �� �� �� 	 � � � 
 � � � 
� � � � � � � �� 	 � 	 � �� 
 � � 	 � � � � � � � � 	 �

� � �� � �� � � 	 � � � � � � � 
� � � � 
� ��

� ( �� ) * 
 � � � � �� � � �� � � � 
� � �� � � � �� � 
� 	 ��  �� " � � �� #%$ # �  � � � � � �

� � � �� � � 	 �,+ � " � � �� � - ��



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
� - -�

�� �� 

	 �� �� � � ��� � ��� ��� � 	 � � � � � ��� � ��

� �� �� " � 	� � � 
 � �� � � � �� � � � 
 " � � �� � - � 	 � � � �� � 
� � � � � 
 � 	 �� 
 � �

� � � 
 � 	 �� 
 ��� � � � � � � � � � ! " 	 � 
 �� � � � 	 � � � � � 	 � # �� !  $ �  � 	 � � � �


� � � �� �� � �

%& ' ( �� �� � � � 
 � � � 
 � 	 �� � � � �� � � � �� �� 
 � � 	 �� )� * �



� �� � �� � � �� � ��� �	 
	 
 �� 
 �	 �  � �� �	 � � 
 � �� � � �� � � �	 � � � � �� � 
� � ��

�� � �� �  !  �� �" #%$ &$ $ '( � ') * #

+ , -� � 	 �/. � 	 � � � � � �� ! � 	10 
 �2 � � � 	� � � � 	 � � � � � � � 	 � 	 
 �� � � � � � �� �� �� 	 � �

�� � �3 � � �

+ � ��� � �� � � �� 	 
 � 3 �� 
 � � 	 � � � �� �� �� 	 � � �� � �� ��

+ � � � ��� � � � � � �� � � � � �� �� 	 � � � � � �� � � 
� � 
 � � � � 
 
 � � � 	 �� � � 	 � � 	 
 �� 
 ��

+ - � � � �� � � 	 � � � � 	 	 � 
 � � � � � �� �� � � �� � � � 
� �� � � � �� � � � � 
� � � 
� � �

� 	 �� � 
 � 	 � �� 
 � � 	 � � � � �� � � 	 � � � �� � 
 � � 	 
� � � 	 � � 	 � � � � � � � � � �� � � � � 
 � � 	 �

� 	 
 � � � � � � 	 
�

+� � � � � � � � �� �� �� 
 �� 
 � � � � 	 ��� �! � � � 
� � 
� � 	 � � � �� � � � � �� �� �� 	 � �

� � 
� � � � � � 	 � 	 �� �! �� � �� � �

+  � � � � � � �� �� �� 	 � � � 
 � � � 
� � � � � � � �� 	 � 	 � �� 
 � � 	 � � � � � � � � 	 �

� � �� � �� � � 	 � � � � � � � 
� � � � 
� ��

+ 4 �� $ 5 
 � � � � �� � � �� � � � 
� � �� � � � �� � 
� 	 ��  �� " � � �� #%$ # �  � � � � � �

� � � �� � � 	 �76 � " � � �� � � ��



� �� � �� � � �� � ��� �	 
	 
 �� 
 �	 �  � �� �	 � � 
 � �� � � �� � � �	 � � � � �� � 
� � ��

�� ��� � �� �� � � �	 
 � � � 	 � �� � 
 � 
 � �	 � �

 ��� �� � � ��� � �� � � �� �� �� � �� � � � �� � � �� �� � � �

�� �! � �� �� " �� �� � � #� � $� � # � �� %& � � #� � $ ' �(*) +

, � $� ( �� � � � � �� � � �� � � ��� � �� ' -/. � 01 2 � � 3 $� � # �� � � # � ��

�� �� $� � � 4 � � 0. '� �5 #� �� � � �6 � � #� � $ ' �( 1

7 ( � " � $ �8 9 �� :<; = >; >@? '� �5 #� �� � � 3 � � "� $� � � � �� � $ - $ � � � ��

�� �� �� 4 �� � %BA C +� � � 5 �� � " � � �� % :D 2 + �� � � �� � � ' -/. � 01

7 ( � ��� � 0. � 0FE � 0 0� � " � � " �� � '� �5 #� �� � � � � � � � � � � �6 � � �

� � #� � $ ' �( 1



� �� � �� � � �� � ��� �	 
	 
 �� 
 �	 �  � �� �	 � � 
 � �� � � �� � � �	 � � � � �� � 
� � ��

�� � 	�
 � � 
 �� � �� �� � 	 �  �� �� � � � � � �� � � �  � �
 � � � � � 
 � �� �� 
 � �  �� � �

� �� � ! " #� " # $ #� $ # $ #� % # % #� % # % #� " # #

� &� '( )*+ , *- . / 0 $ $ % .

�+ *- 1 23 *- "4 " / 4 0 " $ 4 / . "4 " 5 $ 4 /

67 � � ! " #� " # $ #� $ # % #� % # 8 #� % # " $ #� % #

� 9;: '( )*+ , *- # " " $ " 5 $ %

�+ *- 1 23 *- # 4 . % "4 / 0 4 " " / 4 % $ "4 8

67 � � ! " #� " # $ #� $ # % #� $ # 8 #� $ # 8 #� / #

� 9=< '( )*+ , *- " " / % " "

�+ *- 1 23 *- # 4 . " "4 . . 4 $ % 4 $ " # 4 /

� &: > �@? A B? BDC E � 9;: > �@? A F? G E

� 9=< > �H? A F? G IJ �? A BKC F? G LM - �H? A B? BKC N 13O B? A F? G

- * 2 L P 1M Q 1 RO 3

67 > B A F A S 1- * M 3 1T 2 L 3 1 U M J � � > �O U 3 U M � * 3 U+ * VXW J �  ! > Y 1M *Z L 3 1 2+ * VXW

[ � \ > + *- ] 23 1 U M 1M + * V* 23 1 U M N 13O + * ) ^ * 23 3 U ) 1 R M L_ + * R 1 U M



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � : C � �� � 
 : C C �

�� � 	�
 � � 
 �� � �� �� � 	 �  �� �� � � � � � �� � � �  � �
 � � � � � 
 � �� �� 
 � �  �� � �

� ] LM 3 1� P 2 U M ) 1 )3 * M 2 P�� � 13 \ ��   ! \ " 	 � � LM - *# ^ * 23 !  " W

$ L 2 Y R+ U ] M - ! % : �+ U( L( 1_ 13 P 6 U 3 L_ ( L 2 Y R+ U ] M -

� &: # 4 8 %? C & �:'C & � � # W " ( # 4 $ " 5) # 4 # $ .

� 9;: " 4 " %? C &: *'C &: � # W 5 ( # 4 # / / ) # 4 # # %

� 9=< " 4 # 5? C & + *'C &: � # W / # # 4 # $ / ) # 4 # " #

7 * , 1 L 3 1 U M U � ! �+ UZ ] M 13 P 1 ) 3 L Y * M 1M 3 U L 2 2 U ] M 3 1M * , L_ ] L 3 1 U M U �

, - �? A B? G/. G 0

$ * LZ LM - 12 3 ( L 2 Y R+ U ] M - 1 ) # 4 # " / ) # 4 # # .

6O * 2 L_ 2 ] _ L 3 *- M ]Z ( *+ U � ( L 2 Y R+ U ] M - * , * M 3 ) 1M 3O * ) 1 R M L_ + * R 1 U M 1 )

# 4 . #) # 4 # . �+ UZ L_ _ ( L 2 Y R+ U ] M - ) U ]+ 2 * ) W



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � : � � �� � 
 : C C �

�� � �� � �� � �� �� �
	 �	 	 � � �� � �

� � $ _ 1M - � LM L_ P ) 1 ) W 7 U M �3 * # LZ 1M * ) 1 R M L_ + * R 1 U M ] M 3 1_ L_ _ ( L 2 Y R+ U ] M - )

, *+ 1T *- W

� � ^+ 1 U+ 1 1- * M 3 1 T 2 L 3 1 U M U � ( L 2 Y R+ U ] M - ) U ]+ 2 * ) W

� � ] ^ ^+ * ) ) * L 2O ( L 2 Y R+ U ] M - ) U ]+ 2 * N 13O L 3 _ * L )3 3 N U 1M - * ^ * M - * M 3 2 ] 3 ) W

� $ L 2 Y R+ U ] M - ) 2 LM M U 3 ( * + * _ 1 L( _ P ) 1Z ] _ L 3 *- � Z * L ) ]+ * N 13O - L 3 L ( P

1M , *+ 3 1M R 2 ] 3 ) LM - Z * L ) ]+ 1M R+ * V* 23 1 U M 3 L Y 1M R LM P - )Z L _ _ 0 2 U+ + * _ L 3 1 U M )

1M 3 U L 2 2 U ] M 3 W

� 6 U L , U 1- ( 1 L )J )* 3 2 ] 3 ) ] ) 1M R " � . U � - L 3 LJ 3O * M Z * L ) ]+ * ( L 2 Y R+ U ] M - )

N 13O + * Z L 1M 1M R $ � . ) LZ ^ _ * W

� � *+ 1� P ( L 2 Y R+ U ] M - * )3 1Z L 3 * )( P _ U U ) * M 1M R 2 ] 3 ) LM - 2 UZ ^ L+ 1M R

U( ) *+ , *- LM - ^+ *- 1 23 *- + L 3 * ) W

� � ) * � 1 3 UZ * L ) ]+ * R * UZ * 3+ 1 2 L_ L 2 2 * ^ 3 LM 2 * � U+ �@? A B? G/. G W � *+ 1� P ( P

Z * L ) ]+ 1M R , - �@? A B? BDC 0  # 4 $ " % ) # 4 # # % W

� U+ _- L , *+ L R * , L_ ] * 1 ) # 4 $ " " .) # 4 # # " / W



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � : : � �� � 
 : C C �

� �� � �	 
�� � �� �� �� ��� �� �� � �� � � ���

�� � �� ��  !" #%$ &'( )* �+,-  +, &( - * +. & ) �  $* $* /,  � /*

0 � 1, 2, )* �, #(  / $* #, &( , ( + & ! * / / �  ( ) !  /! ' /  +* �  !" #%$ &'( ) 354 6 7

 ( ) �, #(  /  ! ! * 8 +  ( ! * 359 6 7;: &$ *  ! . ! * / /� �<  - 8 /* => , #. +* (

? @ ! ' + + & �* /* ! + �' � $* #, &( A, +. � B � C &: +. * + & +  / 8 $* ), ! +* )

DFE G HE HJI �  !" #%$ &'( ) A, +. , ( K �, #(  /� &< L

M � N  ( !  /! ' /  +* O 3 DFE G HE PRQ P 7 ' �, ( # 9 6 S 4 6 &:  ( T ! * / / �

! &( +  , ( , ( # !  ( ), )  +* � ' �, ( # /, " * /, . & & ) $  +, &- * +. & ) �

U � V( ! $*  �* + & +  / �,W * &: �, #(  / $* #, &( + & , ( ! $*  �*  ! ! * 8 +  ( ! *  +

! & �+ &: - &$* + & +  /�  !" #%$ &'( )

X �Y Z[ \ ]_^` ab ^c dY c e ab f



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
 � � ��

� 
 �� �� �� � ��  

! \" ] ^ #` b $ %& ' " ^( ])

#+* ^ , $+- a( ' ./ . e \ Z \ \- Z^(

\0 0 a Z[ ^( ` 1 Zc \ 2 2 0Y ^ e f

3 a 0Y e 0Y " ^ c [ a dc c Y ] " \0 ( ^54

]Y a " f
678 9;: <= >8 ? 7 ? >@ <A BC 8 ?D

E 0 1c Z^( " ^ \( F F G * ^ ,

Y c 1 " H ^ Z a ^ eI J K L J L � f

Energy (MeV)

R
a

n
g

e
 (

c
m

)

28

30

32

34

36

38

40

42

44

46

90 100 110 120 130 140 150



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � �� � �� � 
 � � ��

�� � � 	
 � �� � �



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
 � � ��

� �� ��� � � � � 	 � 
 
� � 
 
 � � �� � � � � 
 � � 	 �� � 
 � � � �� � � � � ��� �� � ��

� C <� @ 7 B8 � 3 1 2 2 ac ^ d ^ e a F G G ^� 2 ^( Y b ^ " Zc � [ a d b \" ) dY 0 0 [ \ H ^ \

` \" eY e \ Z^ - ( ab \� " a d " � \` � ]( a 1 " ec a 1( ` ^ Z[ \ ZY c \c c Y ] " \04 0Y � ^ a( b a( ^

c Y ] " \04 0Y � ^ Z[ \" Z[ ^ a �c ^( H ^ e` \ " eY e \ Z^ �

�8 �� < �"! #

$ [ ^ c 1 b a- � \` � ]( a 1 " eY " \ 0 0` ^ 0 0c dY Z[ % & ')( & ]( ^ \ Z^( a( ^ * 1 \0 Z a Z[ ^` ^ 0 0

` a " Z \Y " Y " ] Z[ ^ a �c ^( H ^ e` \" eY e \ Z^ Y c G f G # # f $ [ ^ 2( a � \ �Y 0Y Z) Z[ \ Z G f G # #

` a 1 0 e 2( a e 1` ^ a " ^ a( b a( ^ ^ H ^ " Zc Y c G f G #/ #! # ' F G G $ f

$ [ ^ ' ./ .` \ " eY e \ Z^ Y c b a( ^ 0Y � ^ 0 ) Z a � ^ e 1 ^ Z a � \` � ]( a 1 " e Z[ \" Z[ ^ Z d a

' #+ #` \" eY e \ Z^ c f

E \ " eY e \ Z^ ' # + #, ' #+ # E ' ./ . ,

-( a � \ �Y 0Y Z) G f G G. G f G/ G f G #



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
 � � ��

' #+ # ' . / .

3 Z a 2 2 ^ e I J #�� � $ �� .� F G � � F� + � F G � �

$ a Z \ 0 ,` ` ^ 2 Z \ "` ^ G � G G/ G� G � G G G/ G � G G/ / � G � G G G/

$ a Z \ 0 � \` � ]( a 1 " e G � F/ � G � G � G � 	 G� G � G 	

E \" eY e \ Z^ ' #+ # , ' #+ # E ' ./ . ,


 & ' ( & � G # G � .

� & G � . + G � + + G � / +

( &� � \` � ]( a 1 " e a- ` ^ 0 0` a " Z \Y "Y " ]` \" eY e \ Z^


 &�� �� & � � � c Y ] " \0 - a( ` ^ 0 0` a " Z \Y "Y " ]` \" eY e \ Z^

� &�� \` ` ^ 2 Z \"` ^

� � b ^ \c 1( ^ e` ^ " Z( \0 H \0 1 ^ a- I J K L J ��� � �( \"` [Y " ] - ( \` ZY a "

� &�� 
 & ' # 
 &� ( & $ � ^ H ^ " Z d ^Y ] [ Z

' H ^ " Z d ^Y ] [ Z � & \" e 
 & ')( & \c c 1 b ^c 3 * c Y ] " \0 [ ) 2 a Z[ ^c Y c \c d ^ 0 0 \c

` \0` 1 0 \ Z^ e � \` � ]( a 1 " e f



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
 � � ��

! \" ] ^ #` b $ %& ' " ^( ])

#+* ^ , $ - a( ` ab �Y " ^ e ' #+ #

\" e ' ./ . e \ Z \ \- Z^( \0 0

a Z[ ^( ` 1 Zc \ 2 2 0Y ^ e f

� \c [ ^ e 0Y " ^ Y c ' #+ #c Y ] " \0

( ^ ]Y a " f
3 a 0Y e 0Y " ^ Y c ' . / .c Y ] " \0 ( ^54

]Y a " f

Energy (MeV)

R
a

n
g

e
 (

c
m

)

E787/E949 E787 1995-98
E949 2002
Simulation

28

30

32

34

36

38

40

42

44

46

90 100 110 120 130 140 150



� �� � �� � � �� � ��� �	 
� � � 
 �	 � � � �� �	  � 
 � �� �  �� � � �	 � � � � �� � 
 � � ��

�� � � �� �� � �	 �
 � � � �� � ��� � �� ��  � ��� � � � � ��� � �

� � � �   !#" �%$& ' ( � )� 	*+ * � +, !.- $ / + )* �102 3 45 678 9: ; !

� � � �   !=< /& '> - $ / + )* : 6 ? / 3@

A B8 7C 4 D 6 4 E 5GF H � I � I  J  ! " � /& ( ( /& $ $ ! - $ / + )*

K 7 B8 EL : L 4 ; 4 6 M 6 K : 6 L : DN O8 EP 5C : ; E 5 7 O : 9 7 8 4 Q7 6 E

6 K 7 6 K8 7 7 E L Q78 9 7C 7 9 7 5 6 Q E8 6 E : 5 M�R E8 7 Q 4 O 5 : ;TS ; 4N 7

D E 5U O P 8 : 6 4 E 5 4 Q /@ / / $ @

V WX WY Z[\ ] ^_ � ��� � � � � � � �a` ��bc d W �ef ghi jf kl �Gm b n ie j

op q rst Zu Y Z[\ ] ^[ _v wx yz ��{ n n| �~} b X n b ��� Z ��� Z� � n| n} n} �

� ��� �� �� ��� � � �� �� � � � � �� �� ���� � �� � � * ,   ), , , ¡¢£�¤ ¥¦� ¤ � � � §©¨ § � ª* �*« * )¬ ¢ � �� �� � � � §©¨ § � ª* ¬ * ) )



� �� � � �� � �� � �	� 
� � � �� � �� � � �� � �� � � � � � �� � �� � � �� � � � � �� � � � � � 

!" #%$ &' () * +-, . / 0 . 132 1 4 (5 6 5 7' $ 8 7' 9;: 8 7$ 5 <>= ?

 
10.80.60.40.2-0.2-0.4-0.6-0.8-1-1.2-1.4-1.6

 

1

0.8

0.6

0.4

0.2

-0.2@� � � � �¤� � � � � ¦A B  >CED FG D HJI H ¡¤K § � �L ¦� M� ¤ L �� ¤ L NPO � ¤ �� Q � � � �� � L� ��

R �� ��   ¥ �� � � ¥ ¡ �TSU V ¤� L �� R ��   ¥ ¦ L ¨ ¥ �� � ¡ �TW * V ¤� L �� R ��  � ¦ �¤ ¥ ¡>X O � � ¦� � L¤ � � �

�� �� � L �¤� L N¤ � ¤� �� � ¥� ¥ X

�� ¥ ¦ R �� � � � ¦A SU V � W * V �� ¥ WY V �� � �� � � ¦K ¦ L � � � K � �� �� � K �� L �   Z\[ ]^ Z �

_ ` � �¤�  a �cb d e �b d f gb d e ¡

� � ¦ R¤ ¥� ¥h N @¤� ¦ £�¤ ¥¦� ¤ X



� � �� � � � � �� � �	� 
� � � �� � �� � � �� � �� � � � � � �� � �� � � �� � � � � �� � � � � � 

� 8 ( < 8 ?� � 75 , . / 0 . 132 1

� W ¬ W  * ¡�� �¦K h ¤� � ¥ �« U « � � W ¬ W X

� W ¬ W §� ¦ �� �L¤ ¦� A ¤ L � � � � �� �� � ¤� Q §�� ¤ ¦ ¥ X
� �� � ¦A ¤� Q ¦� 	 
� §� � ¥¤ �L¤ ¦� �

�� � �K � � K � �� �� � K �� L ¦� � �K ¤ ¤� Q �¦� �¤ � L �� L A ¤ L � §� � ¥¤ �L¤ ¦� X



� � �� � � � � �� � �	� 
� � � �� � �� � � �� � �� � � � � � �� � �� � � �� � � � � �� � � � � � 

*
� � * �� �� �� �� � 	 
 � ��  � ���

	 �  §�� ¤ K � � L � � � N � L � � §� ¦ h � � K � �� � §�� � � § � h � � L� � §� � � � � L � ¥h N L � �

� L � L � K � � L L � � L� ¦ h ¦ ¥ N � �� N� L � � ¦A � L � � L �K � �� �� � K �� L ¦� L � ¤ � ¥� � � N¤ �

�h � ¦ � � L � � N¤ K § ¦ � �¤ h � � X � �� �� ��� � �� ��� �� � �  � �! �  � � � " �# $% & $' � (*),+ �*- ./01

23 40 / .56 0 /7 1 8 9: 9;< : 8>= < 9?



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � �� � �� �  � � ��

�! "$# % &(' & �) * +) ,� �
-. / 01 /23 4 56 7 58 	 9 /: ; 7 4 �

- � <>= /?@ A�B CD D E A 8 9 9 9 FHG < I FHJ

K LMN ? OQPR S /T 9 52 3 2 / ?

2 7@ 7 4?1 5 / ; 8 : 7 U3 / J



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � � � � �� �  � � ��

�� , � �� � � � ,	 � 
� �� ,� *) � � 
 �! "�� �

� ��� �� � �� �� ���� � !" #� � � $% �&

' 7 ;1 (= 3 : ; 8 /) - � <= /?@

' /? 23 1 / * ) 71 / ; 5 7 ( : 2 7: + ,

' /? 23 1 / * /: /1 -. 7: /0 1

, / ; ( : 2 51 3 ; 52 � 31 (@ * *

' /? 23 1 / - � <54 / 4 ( ; 7 5. 31 (@ . 6 S

+ 8 ( 5 ( : 4 / 5 (

/ 8 ?1 - /) 51 ? ;7 4 / 5 (

- 7: /@ ? 5 7 ;4 / 5 (



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � �� � �� �  � � ��



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � �� � �� �  � � ��

3

Micro-bunched slow extraction

Time
Extraction resonance

F
re

qu
en

cy Empty buckets generate energy modulation of debunched beam
Higher cavity voltage and/or smaller ∆P/P  →  shorter bunches
Need ~200 ps bunches every 40 ns with ~95% extraction efficiency
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Preradiator
2 X0 alternating DC & scint. planes
4m × 4m (four quadrants)
200,000 channels

σ ~ 25 mr @ 250MeV

γ angular resolution measured at NSLS
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Expected performance with current design

Photon efficiency / Neutron sensitivity

» Average over +/- 10cm(y), normal incident to Catcher

Neutron sensitivity

0.3% @ 0.8GeV

Neutron energy (GeV)
0.5 1.0 1.5 2.0 2.5 3.0

10-2

10-3

10-4

10-5

Photon efficiency

Photon energy (GeV)
0.2 0.4 0.6 0.8 1.0 1.2

>99% @ 300MeV
95

90

85

100



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � � � � �� � � � � �

� �� � ��� �� 	 
 �� � � �  � �� � 	 � � �� �

0 � B � �� � � � ��� � � �� � � �� � �� �� � �  
 � 
 � � �� 
 !  �" # �� � �� 


� � � � � � � � � $ � � � �&% ')( * + +

� � � � 
 � � � $ � � � �,% - '.( � /10 '.( � / -243 / / + +

�65 798 : ; � $< � � � � 3 / / 2 = � + +

�� �� � � > $< � � �&? ')( * 2 ' @A B B + +

� � � 5 798 : � $ C � � �&D ')( * + +

� � � � � � C $ � � � �,? '.( * + + +

� � ; ; E $ F � � � � + +

; ; < $ C � � �G% 3 / / 2 ' ( *

� � � � H I 
 �  ;KJ " 
 � L � � � � �


 � � H ;J " 
 � � �M �" � � � � �

= � H = � 
J N � 
J ; �PO � 
 � � � � � � 
 � � 
 � � 
 � � �" � �Q

3 / / H < R 
 � 
 � � � � �" � � � � � � L L

' ( S H � � �" # � � � � � T " � L� J " � � � 2VU W � � X ; � X ;�

' @A B B H ' Y � � TZ 0 ' Y ; � Z 0 ' Y ;� Z



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � � � � �� � � � � �

� �� �� � � � �� � � � � � � 	 � 	
 �� ��� �� �� � � �� �� 	� � �



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � � � � �� � � � � �

�� ��� ��� ��� � �� � ��� �� � �� �	 
 � � �� �� 	� � �

� � � � # " 
  � � J " 
 � � � T � � 5 7K8 : ; 
 � �  " L�  � � �  � 7� � 
 � � �" � L �� �  �

� � �   � � � L L ��� � � � � � � � � �� � L �" �J 
 " � �� J " 
 � ; � ;� � � 
 " 7� 7� � ; � ; � 2

� Y ; � Z � � Y 7� Z � � � � Y ; �Z � � Y 7� Z � � 
 � � L� " � � �� � � 
 � R 
 L L� I � �J " 
 � � 
 � �"

� � �" # � ; � � � � � � � " � � L �� = � J " 
 � L�� # � �  � � # � 
J ; � J " 
 � �  � 
 " � #� � � � 7�

� � " �� � � 
 ��



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � �D � �� � � � � �

� �� �� �� � � � � � � �� � 	 � 	
 �� �� � � � � � � � �� 	 � � ��



� �� � � � � � �� � �
	 �� � � ��  �� � � � �� �� � �  � � �� � �� � � �� � �% � �� � � � � �

� �� � � � � � � �� � � � � � � � �� 	 � � � �� � �� � � ��

 KOPIO

� � � � � < � � � "

� � � � � � � � �� 	 
 � W <

� " � � � L L �  � � � L

��� T � �� :�� : �� 	� " �� � > �

��� T � �� �� � < � >

��� T � �5 7K8 : ; >� E

��� T � ��� ��� �� �� C

��� T � �5 7K8 : �� � <

��� T � ; ; �� � <

� � �� � �� � �

� � � �" � � � � � � L Y �� � �� � Z �� <

� � ��  ! � � � � L �� F

" � � � � � � � � # " �  �  � #� E



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � � � � �� � �� � � �

� 	� � � � � � �� � � �� 	
 � � � ! � �� � � � � � �#" � � � �� � � �� � � � �

$ % %& ' (*)+ ,- %.

� # > # / 0 1 � � 1 2 3 J � 2

� R R 2 � !  2 3 34 3 5 R ! 24 �  �

0 � �6 �6 2 �7 !8 �7 7 � 4 �! 	� ! Q R ! �7 �74 �3

� 9 : W ; <= �> ;= < ?8 � �

8 4 3 @ ACB � = < �> � = � @



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � � � � �� � �� � � �

�� �� � �� 	 
� �� 
 
 � 
 � �� ��

� �� �� �8 �� 8 ! 2 !  �3 �   4 74 �3 � � 0 � � ��� 6 �6 � �3  4  �7 ! �3  � ! �8  2!8

� � 0 � � �� 6 6 �B � ;=� <� �� ��� � � � � ��� ; �� ��  � 2 7� ! � �� �4 3 !   � 7 � �  � <! < �3  

� �� � � � "# �$ � @ � �� �&% ;! � ; �(' "� ! 2!8 )* 7 4 8 � �3 8 4 8 7 ! 3 7 +4 7� 7� ! � ) 2 2! 3 7

	 7 �3  � 2  � �  ! * ? 2!  4 �74 �3 '

� �� � �3 �* ,8 4 8 �  0 � - �� 6 �6  � 2� �� ! 3 7 �. � �� �0/ ; #1 � ! 2 354 4 3 ? 2 � 5 2!8 8 '

� �� �6 � ? ? 2 � !  � ; # # # �798 � � �7 � : 	� �* 7 !  � @ � � @ � 7 � 7� ! 2  ) 3  4 3 58 � ) 2 �!8 8 � ) 5� 7 ' ' '

� 3 � 7� ! 28 7 � ? ? !  <; 0 � != ? ! 24 � ! 3 7 7 �� ! �8 ) 2! 0 � - �� 6 �6 )3  ! 2

� �3 8 4  ! 2 � 74 �3 � 7 0 � 0 4 3 > � ? �3 ' 0 �  ! � � ,;4 3 ; ?4 5� 7 ! = ? ! 24 � ! 3 78 )3  ! 2

� �3 8 4  ! 2 � 74 �3 � 7 @A �# �3  B � " A '

�% # ; �6 � 0� C - �� 6 �6 �7 0 � 0 � B �� ? * ! 7 !  D 28 7 2 )3 4 3 > )3 ! @ � �� 7 2!8 )* 78 ! � 2* , @ � � 1 '

E FG H F 6 � ? ? 2 I !  � , A J @ � @ K K% �7 � I3 8 7 2 ) �74 I3 8 7 � 27 4 3 @ K K1 74 3 3 ! !  I  

L! �* I )8 � I* * �� I 2 �7 I 28 '

MN O % O OP ( OQ+ ' O- ) %R , &S TU OV U S O ) , ) O %) ) N O ( Q OW+ % O ( Q O T+ W )+ , - %

X , Q E Y Z[ \[ U Q V - W N + - ] XQ V W )+ ,- %^

_` abc def ghi dj kf lj mon pq pr s tu i tv f w w axf l ae jf b dh



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � �� � �� � �� � � �

� �� � 



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � � � � �� � �� � � �

� � � �� �� ��� � ��� � 	
 � � �


� � � 4 . � � � � 	
 � � �


� K# � K � �� � � K �� � � 	
 � � �


� � � ��� �� � ��

� � � � ��

� � � � � � � ��� � C � 3 � �� � �

� � %� � � �� � -� �  � ! � 3� � "#$ � % &


 � 
 �(' ) � � * +� � * +-, � � . ' �  � � * , /* , � * $ ' 0

' ) � 1(2 ) 3 2 3 4�

� � 5 K6 7 K8

� � 5 K6 79 9

. � 5 K6 9 K: K6 K; 1(<= >?@ 4



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � �� � �� � �� � � �

� �� �� � � �	
 � 	
 � ��   	
 � � � �
 � � �

0

20

40

60

80

100

120

140

160

0 20 40 60 80 100 120 140

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140

-5

0

5

0 20 40 60 80 100 120 140

End 1 (RAW)

End 2 (RAW)

End 1 2P (Raw-Fit)/σ

R
es

id
ua

l

End 2 2P (Raw-Fit)/σ

R
es

id
ua

l

-5

0

5

0 20 40 60 80 100 120 140



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � �� � �� � �� � � �

� � � �� � � ��  � �  � � �	 � � �� �� 
 	 	 	 � � � 
 	 �� �� � 
 	 � �� �  � � �

0
0.02
0.04
0.06
0.08

2.5 5
0

0.1

0.2

0.3

0 50
0

0.05

0.1

0.15

0.2

-15 0.5 16
0

0.02

0.04

0.06

-3 0 3

0

0.02

0.04

0.06

0.08

0 2
0

0.05

0.1

2.5 5
0

0.1

0.2

0 1000
0

0.1

0.2

0 1000

0

0.02

0.04

0.06

0.08

0 5
0

0.025

0.05

0.075

0.1

0 5
0

0.01

0.02

0.03

0.04

0 20 40
0

0.01

0.02

0.03

0.04

0 20 40

0

0.2

0.4

0.6

0.8

0 1
0

0.02

0.04

0.06

0.08

0 5000 10000
0

0.01

0.02

0.03

0.04

-2.5 0 2.5

emutc1

TD related variables (πscat: blue, Kµ2: red), NTD>1, Tµ<10ns

tmuav1 dt1 zpi-zmu

log10(prod1) log10(cmuend1*cmuend2) cmuend1 cmuend2

emuonc1 emuonc2 epionc1 epionc2

tdvarnn telec dtelec 0.5*(tpion1+tpion2)-trs

0

0.02

0.04

0.06

0 2

��� �� �� � � �� � � w � � �� �� � � � � � � � ��v w � � � �� � �� v � �� � � � ���  ! " � �� �x w ��# $ " �� �� % � �&

� �� � w � � x �v ' ( �� � � � � � ) �v �� � � �� � � � � �� � � � � ��� � * + , � � � � � � �- �. � �� #  & �

� � � � � � ( � � - /10 -� � 2 �� � �& �� � � � 0 � . ' ( �� � � � / � �� 2 � � � � & � % � � � � & � � �� � � - � ��#

 & � � � �� % � � � � � . � � � �& � � � � � � � � � � � � �& � . �� � � � � � � � " �� �#



� �� � � � � � �� � �	� 
� � � �� � �� � � � �� �� � � � � � �� � �� � � �� � � � � �� � �� � � �

Remind: E949-2002 beam conditions were not optimized

• a faiulre of the AGS power supply

• reduced operating voltage of one of the DC separators

• 12 weeks

The conditions will be improved in the next run.

E787 E949-’02 E949 optimized

AGS energy GeV 24 22 24

beam spill sec 2.2 2.2 4.1

cycle sec 4.2 5.4 6.4

duty factor % 52 41 64

K+/π+ 4 3 4

NK in the spill 1.8 2.5 5.0

NK MHz 0.8 1.2 1.2

rates in the detector M ×2 ×2 or less

beam time weeks 12 ≥60

17
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KOPIO Beam and Constraints
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Parameter Minimal Expected
Requirement Performance

Eγ resolution 3.5%/
√

E 2.7%/
√

E
θγ resolution (250MeV) (25 − 30) mr 23 mr

tγ resolution 100ps/
√

E 50ps/
√

E
xγ, yγ resolution(250MeV) 10mm < 1mm
µ-bunch width 300ps 200ps
γ-veto inefficiency εE787 0.3εE787

Shashlyk calorimeter

2 X0 Preradiator

Beam " veto

√

Scintillator

Paper + lead
+ paper

PM tube

50   m steel
tapes
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Simulation: Combined Energy Resolution
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